It is well known that, from the modal theory of room acoustics, resonance will occur if the driving frequency of a sound source located in a room coincides with one of the natural frequencies of the sound field. In this study, an eigenanalysis technique based on the boundary element method (BEM) is developed for extracting eigenmodes of a sound field in an enclosure. A method of singular value search, in conjunction with a golden section optimization algorithm, is utilized for efficient calculation of eigenmodes. In particular, modes associated with repeated eigenvalues can be well resolved by the technique developed in this research. Enclosures of various geometries have been analyzed by using the developed algorithm in a numerical simulation. Satisfactory agreement has been achieved between the BEM results, the FEM results, and the analytical solutions if available.
INTRODUCTION
Resonance phenomenon in an enclosure is one of the important subjects in research of acoustics. The importance lies in the fact that the knowledge of acoustic eigenmodes is essential to the analysis of dynamic responses of a sound field in an enclosure. For example, modal theory is employed in room acoustics for analyzing reverberation phenomena when ray acoustics does not provide, especially for low and intermediate frequency ranges, a complete modeling of sound fields in an enclosure. 1.2 Adequate distribution of resonance frequencies and mode shapes is very critical in the optimal design of a room. Another example is the knock phenomenon of combustion chambers. Research 3 has shown that combustion knock, which is harmful to engines, is mainly due to acoustic resonance in combustion chambers. Proper tuning of resonance frequencies will reduce combustion knock to a minimum so that engine performance can be improved.
While separable coordinate systems 4 are available for analytically calculating acoustic eigenmodes in dealing with enclosures of simple geometries, one has to resort to numerical methods, e.g., the finite element method (FEM) and the boundary element method (BEM) for enclosures of complex geometries. Since only boundary meshes need be constructed in the application of BEM, dimensionality of the original problem is reduced by one. This fact makes BEM a particularly attractive technique for eigenanalysis of enclosure resonance.
The objective of this study is to develop a numerical technique for extracting acoustic eigenmodes in enclosures based on the boundary element formulation and to demonstrate how best to implement it. Problems involved in the implementation phase including resolution of eigenmodes associated with repeated eigenvalues and algorithms of efficient search for eigenmodes are investigated. In order to verify the BEM-based eigenanalysis technique, a rectangular room with a known exact solution is selected as the first test object in a numerical simulation. Numerical performance of the developed method is also compared with that of another commonly used method, FEM. Higher accuracy has been achieved by using BEM than FEM. Then, both methods are applied to the case of a car interior. The results of eigenmodes obtained from these eigenanalysis methods display excellent agreement.
I. THE BEM-BASED EIGENANALYSIS TECHNIQUE
In the beginning of this section, the theory of integral equations for the boundary value problems of sound fields will be briefly reviewed. Then, a BEM-based eigenanalysis technique in conjunction with eigenmode search schemes will be presented. Some technical problems during the implementation phase will also be discussed. On the basis of boundary integral equations, we are now in a position to develop a BEM-based technique for the eigenanalysis of a sound field in an enclosure. In this study, triangular elements and quadrilateral elements are used to construct a mesh on a surface. Isoparametric transformation is adopted for discretizing a boundary. The same set of quadratic shape functions are used to interpolate global coordinates, sound pressures, and pressure gradients on a boundary as follows: 7 L Xi (g) = Z N/(g)x,, i = 1,2,3; L = 6 or 8, Table I . These modes correspond to the same eigenvalue 3.14 and are successfully detected by the method of singular value search. The last three singular values computed from decomposing the coefficient matrix D evaluated at these repeated eigenvalues 3.14 are closer to zero than the others (see Fig. 4 ). On the other hand, if there is only one mode associated with some eigenvalue, e.g., k = 1.05, only the last singular value will be nearly zero (see Fig. 5 ). From the simulation results, the BEM-based eigenanalysis technique does exhibit its effectiveness in extracting eigenmodes for an enclosure of complex geometry. In Table  II, judging from the pressure distribution in Fig. 15 (a) , one may want to apply certain sound absorption measures to the regions around the front end as well as the rear part of the car interior where pressure magnitudes reach maxima if the frequency of the major concern is around 38 Hz. In addition, if a hi-fi stereo system is to be installed in the car, one may prefer a relatively uniform distribution, e.g., the pressure field in Fig. 13 , of the sound field over a nonuniform one.
Under these circumstances, the BEM-based eigenanalysis technique serves as a useful simulation tool for extracting resonance frequencies and mode shapes of sound fields before an actual prototype of a car is built.
III. CONCLUSIONS
A BEM-based eigenanalysis technique is presented in this study for extracting eigenmodes of sound fields in arbitrarily shaped enclosures. Complete procedures involved in numerical implementation are demonstrated in details. The method of singular value search is utilized to determine natural frequencies and mode shapes of sound pressure distribution (associated with not only distinct but also repeated eigenvalues).
The BEM eigenanalysis technique has been verified through comparisons between the numerical results and the exact solution if available. In addition, the BEM results are also compared with those obtained from the FEM in order to explore the numerical performance. The BEM approach, interestingly enough, achieves much higher accuracy than the FEM despite the fact that the errors of the higher modes are always greater than those of the lower ones, regardless of which numerical method is used. It is of no doubt that these numerical schemes will lose their effectiveness at high-frequency ranges due to increasing density of eigenmodes.
The sizes of the resulting system matrices of the BEM are always smaller than those of the FEM because the required meshes for the BEM are simpler than those for the FEM. This should become more pronounced for the enclosures of large volume-to-surface ratio in a three-dimensional space. This reduction of problem size facilitates generation of boundary meshes with reference to the design changes regarding boundary conditions and geometry of an enclosure. This attractive feature makes BEM-based eigenanalysis technique a useful simulation tool before an actual prototype is built. Note that the BEM, while dimensionally smaller than the FEM, takes more CPU time than the FEM because of full and asymmetric nature of assembled matrices. More research is required for improving the efficiency of the BEM-based approach.
Although the boundaries of enclosures have been assumed perfectly rigid in this study, the BEM-based eigenanalysis technique can be easily extended to the other types of boundary such as the pressure-release type, the impedance type, and the mixed type. These aspects will be explored by more numerical as well as experimental investigations in the future research.
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